Abstract: The crystal quality, stress and strain of GaN grown on 4H-SiC and sapphire are characterized by high resolution X-ray diffraction (HRXRD) and Raman spectroscopy. The large stress in GaN leads to the generation of a large number of dislocations. The Raman stress is determined by the results of HRXRD. The position and line shape of the A 1 longitudinal optical (LO) phonon mode is used to determine the free carrier concentration and electron mobility in GaN. The differences between free carrier concentration and electron mobility in GaN grown on sapphire and 4H-SiC are analyzed.
Introduction
GaN has attracted considerable research interest in recent years because of its use in a wide range of applications, including blue/ultra-violet light emitting devices, ultra-violet detectors [1, 2] , as well as electronic devices, such as field-effect transistors (FETs) and bipolar transistors [3−5] . Up to now, the GaN material has often been epitaxially grown on foreign substrates, such as sapphire, SiC, and Si, because of the lack of a large native substrate. The lattice constant mismatch of GaN with sapphire and SiC is -13% and +4%, respectively [6] . This mismatch leads to impractically small critical layer thickness values and ideal heteroepitaxy has not been observed. Layers grown on these substrates are dense with threading and edge dislocations. On the other hand, the thermal expansion coefficient in the basal plane of GaN differs significantly from those of SiC and sapphire [7, 8] . Consequently, the high-temperature deposition process used in all epitaxial growth of GaN results in thermal stress upon cooling to room temperature, providing the material does not relax by cracking or on account of a very high dislocation density. The biaxial stress observed in epitaxial GaN is a consequence of the lattice constant and the thermal mismatch strain [9, 10] . Also, it is well known that GaN exhibits high unintentional n-type doping levels due to residual oxygen donors introduced during the heteroepitaxy [11, 12] .
This effect is particularly evident in GaN-on-sapphire epitaxy, where oxygen can be incorporated directly from the substrate. This high level of background n-doping is detrimental to both the electronic device properties and the effective doping control in an optical device.
Stress can modulate the band-gap of GaN films [13, 14] , and consequently, the optical properties. Extremely large values of stress can produce cracks in these films. Therefore, the ability to examine stress in epilayers is essential to the film growth and the device fabrication. The most direct approach for the analysis of strain in epitaxial GaN is through a high resolution X-ray diffraction (XRD) measurement. The (0002) diffraction peak is used to determine the c-axis lattice constant. Another accepted approach for obtaining the biaxial stress in epilayers is by using Raman spectroscopy [15] . In GaN, the shift in the E 2 (high) symmetry phonon energy, from the value exhibited by unstressed material, is proportional to the stress. Raman spectroscopy also can be employed for the determination of the free-carrier concentration in GaN. In polar semiconductors, longitudinal optical (LO) phonon modes couple strongly with plasmons through the macroscopic electric field. LO phonon plasmon (LPP) coupled modes have been observed in doped GaN materials and the LPP frequencies are very sensitive to and can be used as a probe of the free-carrier concentration [16] .
With this principle, Ponce et al. demonstrated how Raman spectroscopy can be used to probe the carrier concentration [17] .
The free-carrier concentration determined by Raman scatting from an analysis of the LPP coupled mode in GaN has also been reported by Kozawa et al. [18] .
In this study, epilayers grown on both sapphire and 4H-SiC substrates are examined and their biaxial compressive and tensile stress states are studied by using Raman spectroscopy. Plasmon-phonon coupling is exploited to estimate the carrier concentration of GaN grown on sapphire and 4H-SiC. 
Experiment
Two sets of GaN epilayers grown by a low-pressure MOCVD system were studied. In the first set of GaN grown on (001) sapphire, an epilayer was initiated by a thin (20 nm) AlN buffer layer grown on the substrate at a low temperature (620
• C). The substrate temperature was then elevated to 1000
• C to grow the subsequent GaN epilayers. The second set of samples was grown on 4H-SiC substrates at a temperature of 1000 • C. High temperature (HT) AlN of 30 nm was used as a buffer layer. Hydrogen was used as the carrier gas. Triethylgallium (TEGa), trimethylaluminum (TMAl), and ammonia (NH 3 ) were used as precursors.
Micro-Raman spectroscopic measurements were carried out at room temperature using a 514 nm line of Ar + laser as the excitation source. The resolution was 1 cm −1 . The Raman measurements were performed in back-scattering Z(X,-)Z geometry, in which the E 2 (high) and A 1 (LO) mode are Raman active.
In the XRD measurements, a commercial system with a Ge(220), four-fold, bartel-type monochromator and a Ge(220) three-fold analyzer was used to make 2theta-omega scans and omega rocking curves. To measure the lattice constants of GaN, reflections of the CuKα 1 line from (0002) in the symmetrical mode and (1012) planes in the asymmetrical mode were measured. The strain components along the c axis (ε zz ) and along the a = b axis (ε xx ) were calculated.
Results and discussion

XRD
The c-axis and a-axis lattice constants of GaN grown on 4H-SiC were 0.51907 and 0.31886 nm, respectively, calculated from the results, as shown in Fig. 1 . Obtained from Fig. 2 , the lattice constants of GaN grown on sapphire were c = 0.51850 nm and a = 0.31901 nm.
The strain components ε zz and ε xx are calculated. The Poisson ratio was obtained from
and the biaxial stress σ was obtained from
where E is Young's modulus. The Poisson ratio gave excellent consistency with the average value of v = 0.26. This agrees well with published values of the Poisson ratio [19, 20] . The values of the stress of GaN grown on SiC and sapphire calculated using our Poisson ratio and Young's modulus of E = 290 GPa from Refs. [9, 19] were 0.15 GPa and 0.39 GPa, respectively. The crystal quality was characterized by the full-width at half maximum (FWHM) of X-ray rocking curves (XRC). It has been demonstrated that the XRC for the symmetric (0002)-reflecting plane is related to screw and mixed dislocations, whereas the XRC for asymmetric (1012)-reflecting plane is directly influenced by all threading dislocations, including edge dislocations [21] . As shown in Fig. 3 , the crystal quality of GaN grown on 4H-SiC was obviously better than that grown on sapphire. This refers only to the preferred lattice constant match between GaN and 4H-SiC.
Raman scattering
GaN has a hexagonal structure belonging to the C 6v symmetry group and, thus, from theory, two A 1 According to the Raman selection rule and for the Z(X,-)Z configuration used in this study, the A 1 (LO), E 2 (high) and E 2 (low) modes had been expected to be observed in the Raman spectra. However, the E 2 (low) mode is not within the covered spectral range of the present observation mode. Stress in epitaxial GaN (0001) is biaxial. The GaN E 2 (high) value of 567.2 cm −1 [22] was used as the stress-free ref-
erence, and the Raman shift ∆ω from the phonon energy of the unstressed material was related to the biaxial stress. Figure 4 shows the red and blue shift of E 2 (high) phonons due to compressive stress (GaN grown on sapphire) and tensile stress (GaN grown on 4H-SiC), respectively. The relationship between the strain and the Raman shift can be written as σ = ∆ω / k R , where k R is the Raman stress factor. Using E = 290 GPa and v = 0.26 obtained by XRD results, our value of the GaN Raman stress factor was -4.4 cm −1 /GPa. This value is in the range of published values of -2.7 [23] , -4.1 [24] , -6.2 [25] , and -7.7 cm −1 /GPa [26] . A relationship between the Raman shift and the stress from XRD measurements is established. It is known that the incorporation of impurities and point defects significantly reduces the phonon lifetime, thus broadening the Raman line-width. The FWHM of E 2 (high) Raman modes of GaN grown on sapphire and 4H-SiC are 4.5 cm −1 and 3 cm −1 respectively, indicating that a larger number of defects and impurities had been incorporated into the GaN grown on sapphire. The results of the Raman measurement agreed well with those of XRD, as shown in Fig. 4 . This also indicates that Raman spectroscopy is a valuable tool in the characterization of epilayer crystalline quality.
The Raman E 2 (high) mode in GaN is not directly affected by the free-carrier concentration. As shown in Fig. 4 , the A 1 (LO) phonon mode of GaN grown on 4H-SiC had a blue shift of 3 cm −1 when compared with that of GaN grown on sapphire, as shown in Fig. 5 . It is known that the highfrequency branch of the LPP coupled mode shifts slightly to the high frequency side, with accompanying peak shape broadening. It also should be noted that a biaxial compress stress of 1 GPa could shift the A 1 (LO) peak towards a higher wave number by 0.8 cm −1 [27] . Note that this is a factor of 5 less than 073001-3 the shift of the E 2 (high) mode for the same biaxial stress. The peak shift of the A 1 (LO) mode by stress was negligible based on the results obtained by XRD. Therefore, the carrier density can be evaluated by a line-shape fitting analysis based on a semi-classical model, which involves consideration of the deformation potential and the electro-optical mechanisms. The line shape of the LO phonon is given by Refs. [28] [29] [30] 
where S is a proportionality factor,
and ∆ is given by
where C is the Faust-Henry coefficient, ω P is the plasma frequency , and ω T and ω L are the TO and LO phonon frequencies. Γ and γ are the phonon and plasmon damping constants, respectively. The Faust-Henry coefficient can be deduced from the ratio of the intensity of the LO and TO phonon peaks in undoped GaN using the following equation:
where ω 0 is the frequency of the laser.
The A 1 (LO) coupled modes of GaN epitaxy were fitted according to Eqs. (1)- (5), with ω T , ω L , and C being fixed at literature values of ω T = 533 cm −1 , ω L = 735 cm −1 , and C = 0.48 [31] . For the case of GaN, values of ε ∞ = 5.35 and m * = 0.2m 0 were adopted [32] . Γ, γ, and ω P were treated as the fitting parameters. The free carrier concentration n can be calculated using
where n is the free carrier concentration and m * is the effective mass of the carriers. The mobility of the free carriers can be obtained by γ = e m * µ .
The plasma frequencies for the GaN grown on 4H-SiC and sapphire were 40 cm −1 and 115 cm −1 , and the carrier concentration of GaN grown on 4H-SiC and sapphire were found to be 1.91 × 10 16 cm −3 and 1.57 × 10 17 cm −3 , respectively.
The results indicated that the free carrier concentration in GaN grown on sapphire was higher than that on 4H-SiC. The origin of the residual donors in GaN grown on sapphire is presumably oxygen impurities diffused from the substrate [33, 34] . The plasma damping constant was obtained from line shape analysis. The electron mobilities in GaN grown on 4H-SiC and sapphire calculated using Eq. (7) were 130 cm −2 /(V·s) and 73 cm −2 /(V·s), respectively. The electron mobility in GaN grown on 4H-SiC was found to be higher than that on sapphire, which was manifested as a larger plasmon damping in GaN grown on sapphire. As shown in Fig. 3 , the dislocation density in GaN grown on 4H-SiC is lower than that in GaN grown on sapphire. It is believed that the observed difference in plasmon damping is a result of the difference in the dislocation density.
Summary
We correlated independent measurements of strain and stress on GaN grown on 4H-SiC and sapphire. The lattice constants of GaN along the a-axis and the c-axis were obtained by HRXRD. The strain along the a-axis and the c-axis was also calculated by using published lattice constants for unstrained GaN. We obtained the GaN Poisson ratio v = 0.26 using these strain values. The values of stress of GaN grown on SiC and sapphire calculated using our Poisson ratio and Young' modulus of E = 290 GPa were 0.15 GPa and 0.39 GPa, respectively. This refers only to the preferred lattice constant match between GaN and 4H-SiC. The results obtained by HRXRD also agreed well with those obtained by Raman spectroscopy. The crystal quality of GaN was characterized by Raman spectroscopy and HRXRD; these results obtained by these two different methods also agreed well with each other. That demonstrates that Raman spectroscopy is a valuable tool in the characterization of epilayer crystalline quality and residual strain. A Raman stress factor of -4.4 cm −1 ·GPa −1 was deduced by XRD measurements. Consequently, the values of stress in GaN can be obtained expediently and quickly by Raman spectroscopy in the future. Moreover, the free carrier concentrations and electron mobilities were deduced from an analysis of the longitudinal optical phonon-plasmon coupled mode. The carrier concentrations of GaN grown on 4H-SiC and sapphire were found to be 1.91 × 10 16 cm −3 and 1.57 × 10 17 cm −3 , respectively. We can see that the important origin for unintentional n-type doping of GaN grown on sapphire is the diffusion of O atoms from the sapphire. The differences between the electron mobilities in GaN grown on 4H-SiC and sapphire are also analyzed. All in all, as a new characterization method, Raman spectroscopy is a valuable tool in the quick and expedient characterization of the epilayer crystalline quality, the residual strain, and the electrical characteristics.
